The hydrocarbon seeps emitting buoyant bubble plumes from seafloor vents have been actively investigated in different regions of the World Ocean. In winter, rising bubbles, which have reached the sea surface, freeze in ice. These clouds of the frozen bubbles are observed in Arctic seas and represent a common element of an ice cover of lakes. Deposits of gas hydrates were discovered in many marginal seas of the World Ocean. The nature of the relationship between the acoustic and physical properties of gas hydrates is still under debate for both saturated sediments and sediment containing free-gas bubbles. Acoustic manifestations of bubbles frozen in ice and gas hydrate are the subjects of the current study On the basis of the general solution of the elastic wave scattering problem for the sphere, the scattering cross section for a bubble frozen in an ice has been found. The derived expressions coincide in the limiting cases with known results: a bubble in a rubber-like media, where the longitudinal wave speed is significantly faster than the transverse wave speed and an empty cavity in the elastic media. The structure of low-frequency resonances of bubbles clouds of the simplest geometry has been investigated.
INTRODUCTION
Deposits of gas hydrates were discovered in the last decade in many marginal seas of the World Ocean. Indirect indications of gas-hydrates in sediments were revealed by acoustic sensing data. Hydrocarbon sources on the ocean floor produce plumes of buoyant bubbles, i.e., gas flares, which are easily detectable by sonar due to a large cross section of sound scattering by individual inclusions. The acoustic manifestation of such a natural formation was the subject of both experimental [1] [2] [3] [4] [5] and theoretical [6] [7] investigations. Gas bubbles freeze in the ice sheet in winter and in Arctic seas. The transparency of the ice is mainly determined by gas inclusions; therefore, their structure and distribution have been the subjects of numerous optical investigations. At the same time, little is known about the acoustic manifestations of bubbles frozen in ice, although ice acoustics is a well-developed research area. It is a problem to distinguish the bubble contribution against the wide variety of sea ice inhomogeneities with the low frequencies used in remote sensing in the Arctic. However, the search for hydrocarbon sources and their manifestations in Arctic seas demands development of remote methods for detecting methane inclusions in an ice sheet.
ACOUSTIC WAVE SCATTERING BY A GAS CAVITY IN ELASTIC MEDIUM
Spherical inclusions prevail in investigations of acoustic wave scattering by localized inhomogeneities due to existence of the analytical solution. Interaction of an incident wave with a bubble of radius R located in isotropic elastic medium results in generation of perturbations in the outer medium which is a sum of the incident wave and scattered field 0 sc = + U U U , satisfying the linear equation of the theory of elasticity,
The longitudinal and transverse wave velocities l c and t c , respectively, are expressed via the Lamé parameters μ (modulus of rigidity) and Here, ω is the frequency and ρ is the density of the ice.
The spherical symmetry of the scatterer makes it convenient to represent the solutions in the form of series in spherical harmonics. However, in contrast to acoustic waves in liquid, physical fields in an elastic medium are represented by vector-valued functions; therefore, the expansion is carried out in vector spherical harmonics 0 ( , )
,
The spherical coordinate system with its origin coinciding with the cavity center is used, / r r = e r , lm P is the Legendre polynomial.
One can write the general solution of the scattering problem as (see Ref. 8 )
where the radial part of solution is represented by the Hankel spherical functions l h ; the coefficients ( 1) /
The following asymptotic behavior is characteristic for the first, significant, structural coefficients in the long-wave approximation 1 
The coefficients 1
S c and 2
S c are small in comparison with other terms, and so these channels could be neglected. A significant difference with the bubble scattering in liquid is the quadrupole (l = 2) component contribution to the scattering, comparable with monopole (l = 0) and dipole (l = 1) ones.
To illustrate the frequency (dimensionless wave vector ( )
) dependence of the bubble scattering cross section, Fig. 1(a,b) show the results of numerical calculations obtained with general equations in case of an incident P wave. The reason for the significant difference in the behavior of frozen in ice gas inclusions from that of bubbles in liquid is the fact that a bubble in liquid is a "soft" object, its compressibility is determined by the compressibility of the gas, which is several orders of magnitude higher than that of the ambient medium; a gas cavity in ice is usually a "hard" object, since its compressibility is determined by the shear moduli of ice, which are orders of magnitude larger than the gas component compressibility in normal conditions. This means that the gas component does not play a noticeable role, and scattering by a bubble is similar to those by an empty cavity.
However, the speed of the transverse component decreases by one order of magnitude for the bottom layer close to the boundary with water or for spring ice with a large fraction of liquid cells in its structure. This is caused by a decrease in the flexural modulus of ice matrix with porosity. It is also low in sediments containing gas hydrate layers. Such "liquid" ice becomes an effectively rubberlike medium. For the scattering amplitude 00 0 / P P P l f ia k = , which is a descriptive physical quantity, we have ( )( ) 
SCATTERING BY A CLOUD OF FROZEN BUBBLES
Cavities frozen in ice over a methane source can be of rather large size. [9] [10] [11] Similar patterns with the same characteristic size were observed in Baikal in the Selenga estuary and in a region adjacent to the Lena estuary. The cross-sectional dimension of a gas plume can vary from tens of centimeters to several tens of meters, depending on underwater source intensity and basin depth. However, a typical size of several meters is observable from the Pacific to the East Siberian Arctic Shelf. Analysis of reverberation signals from explosive or shock sources is a common method for studying the sea ice parameters. Let us estimate the possibility of manifestation of the natural frequencies of a frozen inclusion cloud in the back-scattering signal. Natural oscillations of individual inclusions contribute to the reverberation signal in the simplest Born approximation. However, frozen bubbles are not as high-Q as gas bubbles in liquid and the natural frequencies of these oscillations are significantly higher. On this reason, a noticeable contribution to the backscattering at distances of 100 m and longer is of low probability. However, a cloud of inclusions can be an effective medium, the parameters of which (density and Lamé parameters) significantly differ from those of ambient ice; therefore, low-frequency resonances of the whole cloud can manifest in the reverberation signal. The single-scattering approximation cannot be used for analysis of this effect.
The general equations describing multiple scattering of acoustic waves by a cloud of frozen bubbles has been derived in Ref. 12 The approach is based on the theory of Foldy 13 and the results obtained in the description of the multiple scattering of electromagnetic waves. A wave from a source is multiply scattered by inclusions, and the deformation field at the point r includes displacements caused by both the incident wave and perturbations induced by inclusion scattering. The main idea of the Foldy theory 13 is that a wave incident on the i-ɟ inclusion is representable as the sum of the direct wave and waves scattered by all inclusions except for the i-th one. The field in the vicinity of i-th inclusion is completely described by the assignment of the canonical wave expansion coefficients In a fashion similar to the case of a single inclusion, the resonance will have high quality factor only for the high bubble void fraction. Solutions for other simple geometries (a cylinder, when the longitudinal size of frozen in cloud is much larger than its cross section, and a plate, when the size in one direction is minimum) can be found easily. When finding the resonance Q-factor, only radiation damping was taken into account.
DISCUSSION
The magnitude and variability in methane emissions are uncertain due to limitations in methods for quantifying the patchiness of bubbling. To estimate an important source: bubbling from northern lakes, the authors 9-11 located point sources of ebullition by removing snow from frozen lake surfaces in early winter to map the locations of bubbles trapped in the ice. They defined four classes of CH 4 bubble clusters trapped in lake ice representing distinct types of bubbling seeps that differed in flux rate: isolated bubbles in multiple ice layers; merged bubbles in multiple ice layers; single gas pockets stacked in ice; relatively open holes in winter lake ice.
The thickness of the ice cover is not so large; therefore, the assumed approximation of an unbounded medium is only valid for the sufficiently high-frequency sound. The simplest bubble cloud model in the form of a lens with effective elastic parameters located in an ice plate resting on a liquid base has been analyzed. It provided insight in the details of an interaction of this object with the three types of waves, namely, the flexural wave, the longitudinal wave, and the horizontally polarized shear wave, which can propagate in such a waveguide. The peculiarities of radiation in liquid at the Mach angle have been investigated for the longitudinal wave as it transects the bubble cloud.
CONCLUSIONS
The acoustic manifestation of gas bubble clouds frozen in ice is the presence of low frequency resonances caused by collective bubble oscillations, which differentiates them from other ice sheet inhomogeneities and allows the development of remote methods for gas plume detection in Arctic seas. We obtained all the required elements, i.e., we ascertained the peculiarities of sound scattering by individual ice inclusions and derived the self-consistent field equations describing multiple scattering processes. These equations allows the inclusion distribution parameters to be correlated with the effective elastic and density characteristics of the medium, which, in turn, makes possible study of the acoustic manifestation of bubbles in real conditions within simple geometrical models, i.e., an elastic waveguide adjoining with air and liquid.
